Purpose Bcr-Abl, the causative agent of chronic myelogenous leukemia (CML), localizes in the cytoplasm where its oncogenic signaling leads to proliferation of cells. If forced into the nucleus Bcr-Abl causes apoptosis. To achieve nuclear translocation, binding domains for capture of Bcr-Abl were generated and attached to proteins with signals destined for the nucleus. These resulting proteins would be capable of binding and translocating endogenous Bcr-Abl to the nucleus. Methods Bcr-Abl was targeted at 3 distinct domains for capture: by construction of high affinity intracellular antibody domains (iDabs) to regions of Bcr-Abl known to promote cytoplasmic retention, via its coiled coil domain (CC), and through a naturally occurring protein-protein interaction domain (RIN1). These binding domains were then tested for their ability to escort Bcr-Abl into the nucleus using a "protein switch" or attachment of 4 nuclear localization signals (NLSs). Results Although RIN1, ABI7-iDab, and CCmut3 constructs all produced similar colocalization with Bcr-Abl, only 4NLS-CCmut3 produced efficient nuclear translocation of Bcr-Abl. Conclusions We demonstrate that a small binding domain can be used to control the subcellular localization of Bcr-Abl, which may have implications for CML therapy. Our ultimate future goal is to change the location of critical proteins to alter their function.
INTRODUCTION
It is well established that the fusion between Bcr and Abl transforms the regulated tyrosine kinase activity from c-Abl into constitutive tyrosine kinase activity in Bcr-Abl. In addition to the misregulated kinase activity this fusion also results in a spatial misregulation at the subcellular level (1, 2) . In healthy cells, c-Abl can shuttle between the cytoplasm and nucleus and plays distinct roles in each subcellular compartment (3) (4) (5) (6) . This spatial control is important for the role of c-Abl in cell differentiation, division, adhesion, and response to stress signals. In contrast, Bcr-Abl is found to localize exclusively in the cytoplasm where it can be positioned in proximity to the signaling proteins controlled by its activated kinase domain. The combination treatment of Gleevec ® and the nuclear export inhibitor Leptomycin B (LMB) has demonstrated the ability to relocate Bcr-Abl to the nucleus, where Bcr-Abl induced apoptosis (7) . We have also demonstrated that an exogenous Bcr-Abl construct can be directed to the nucleus through incorporation of nuclear localization signals (NLSs), and established that the induction of apoptosis was dominant over the endogenous Bcr-Abl oncogenic signaling as cytoplasmic depletion of the endogenous Bcr-Abl was not observed (8) . Thus, relocalizing Bcr-Abl to the nucleus is a potent method of inducing apoptosis and may be an interesting alternative intervention strategy. However, LMB cannot be used clinically due to neuronal toxicity (9) , and treatment with an exogenous Bcr-Abl would also be problematic. In order to harness the apoptotic potential of nuclear Bcr-Abl, an alternative method of repositioning the protein is needed.
In this work, binding domains for capture of Bcr-Abl were identified; two approaches of using these binding domains for escorting Bcr-Abl to the nucleus were compared: a ligand-inducible protein switch [37, 41] and four SV40 NLSs. The protein switch localizes to the cytoplasm in the absence of the ligand dexamethasone (dex), and translocates to the nucleus upon binding dex. Alternatively, the SV40 NLS is a strong signal; the attachment of four SV40 NLSs to Bcr-Abl sends it to the nucleus [8] .
As the ultimate goal is to translocate endogenous Bcr-Abl to the nucleus, a Bcr-Abl-binding domain is critical for both of these approaches. The ideal binding motif will exhibit high affinity and specificity, will be stable inside of cells, and will be small in size. These are all attributes of intracellular domain antibodies (iDabs) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The iDab is a further simplification of an antibody and consists of only one variable domain (from either the heavy or the light chain). The iDab eliminates the necessity for a linker, is half the size of an scFv, and functions in the absence of any disulfide bonds (17) . A simple method for isolation of an iDab that will bind to an intracellular target has been termed the thirdgeneration intracellular antibody capture (IAC 3 ) (20) , and is based on yeast two-hybrid screening of iDab libraries. The initial libraries consist of randomized amino acids in the CDR3 region, and the initial hits are then randomized in CDR2 and then CDR1 in subsequent rounds of screening for affinity maturation. This method has been used to generate iDabs that bind LMO2, RAS, RAF, and p53 with high affinity (20, 21) . In line with the goal of escorting Bcr-Abl to the nucleus, we aimed to isolate an iDab that can compete with interactions that anchor Bcr-Abl in the cytoplasm and thus render it more available for transport into the nucleus. One Bcr-Abl interaction of particular interest is actin as it has been demonstrated to play a leading role in the cytoplasmic localization of Bcr-Abl (22) (23) (24) . As the actin binding domain (ABD) is found at the C-terminus and is contributed by the Abl portion, we also wanted to target a Bcr domain. The Dbl homology and Pleckstrin homology domains (DHPH) are routinely found together and function to bind inositolphospholipids at the inner surface of the membrane (25) (26) (27) (28) (29) (30) . The interaction with phospholipids provides another plausible contribution to cytoplasmic retention. We thus chose the ABD and DHPH domains as the Bcr-Abl subdomains for targeting by iDabs.
An alternative binding approach is a rationally designed coiled-coil domain based on the coiled-coil (or oligomerization) domain of Bcr-Abl (31) (32) (33) . Recently, we have designed mutations in this coiled-coil domain (C38A, S41R, L45D, E48R, and Q60E) to improve the interaction with Bcr-Abl (31) . Data (manuscript in press, Molecular Pharmaceutics) in our laboratory indicate a set of mutations, containing one additional mutation (K39E) than the previously published CCmut2, results in superior interaction with Bcr-Abl, and has been termed CCmut3.
In addition to an iDab and CCmut3, we also compared the functionality of the Abl binding domain from the Ras and Rab interactor 1 (RIN1) as a binding motif for nuclear escort. This RIN1 domain has been demonstrated to be an efficient binding partner for Bcr-Abl, interacting with the SH3/2 domains and contributing to maintaining Bcr-Abl in a constitutively active state (34) (35) (36) . The regions of Bcr-Abl targeted by these four binding domains are illustrated in Fig. 1 . As each binding domain targets Bcr-Abl at distinct regions, a combination of binding domains may be employed to achieve a multivalency-type effect. In this report, the IAC 3 technology was employed for identifying iDabs targeting Bcr-Abl, and the best binding iDab, CCmut3, and RIN1 were assayed for their ability to escort Bcr-Abl to the nucleus after incorporation into the ligandinducible protein switch or four NLSs.
MATERIALS AND METHODS

Cell Lines and Transformation/Transfection
Transformation into yeast cells (L40 or AH109) was performed by a lithium acetate/carrier DNA/PEG precipitation method as described in the IAC 3 protocol (20) . Mammalian two-hybrid assays were performed in murine adenocarcinoma 1471.1 cells, and fluorescence microscopy was performed in simian kidney Cos-7. 1471.1 cells were grown in DMEM (GIBCO, Invitrogen, Carlsbad, CA, USA), and Cos-7 cells were grown in RPMI (GIBCO, Invitrogen) as monolayers. Both DMEM and RPMI were supplemented with 10% FBS (Invitrogen), 1% pen/strep/Lglu (Invitrogen), and 0.1% gentamicin (Invitrogen). 1471.1 cells were transfected using Lipofectamine 2000 (Invitrogen) following the recommended protocol from the manufacturer. Cos-7 cells were transfected with Fugene HD (Promega, Madison, WI, USA) following the recommended protocol from the manufacturer.
Construction of Plasmids and Libraries
The genes encoding the Dbl Homology/Pleckstrin Homology (DHPH) and actin binding (ABD) domains were amplified through PCR using the primers (DHPH) 5′-ACA CACACGAATTCGGCTTGGAGATGAGAAAATGGG T C C T G -3 ′ a n d 5 ′ -C A A C C C C A G A A T TCCTTCTTCTGCTGCTCCCGGATG-3′ and (ABD) 5 ′ -T A T G T C T A G A A T T C G C A G G G G A C C A GCCGTCTTC-3′ and 5′-CACTCCACGAATTCCTCAG CCACTGTCATGGGTATG-3′ for insertion into the yeast two-hybrid vectors pBTM116 (used in first round screening) and pBD-Gal4-Cam (used in second round screening) at the EcoRI site to create fusions with the LexA and Gal4 DNA binding domains respectively. The first round iDab libraries screened with randomized CDR3 regions were #4320 (9 amino acids randomized) and #4325 (14 amino acids randomized). The construction of these libraries, and the creation of sublibraries for the second round of screening, is described in detail in the IAC 3 protocol (20) . For the DHPH sublibraries, the iDabs extracted from screening library #4320 and #4325 were kept separate and used to generate two sublibraries. The ligations into pVP16 were transformed into MegaX DH10B TM T1
R Electrocomp TM cells (Invitrogen) via electroporation. The transformed cells were plated onto five 25 cm×25 cm LB plates containing ampicillin, grown overnight, and then harvested by scraping. The plasmids were isolated with a Qiagen EndoFree Plasmid Maxi kit (Qiagen, Hilden, Germany) and used as the sublibrary for second round screening. The ABD and DHPH sequences were digested out from the pBTM116 plasmids, and ligated into the mammalian two-hybrid plasmid pM1 for fusion to the Gal4 DNA binding domain. The plasmids encoding the iDabs isolated after second round screening were digested with SfiI and NotI and ligated into the mammalian two-hybrid plasmid pEFVP16 as fusions to the VP16 activation domain. The ABI7 iDab was amplified through PCR from pEFVP16-ABI7 with the primers 5′-TGCTATCGTCGACAT G G C C G A G G T G C A G C T G T T G -3 ′ a n d 5 ′ -TTTACCTGTCGA CCTAGCTCGAGACGGTGAC CAGGGTTC-3′ and inserted into pEGFP-C1 (Clontech, Mountain View, CA, USA), pPS (protein switch fused to EGFP) (37), p4NLS (containing 4 SV40t antigen nuclear localization signals fused to EGFP, created through removal of BcrAbl from p4NLS-Bcr-Abl (8) and re-ligation of the plasmid), and pmCherry-C1 at the SalI site. RIN1 was amplified through PCR from a plasmid containing the human RIN1 gene (NM_004292, OriGene, Rockville, MD, USA) with the primers 5′-TGCTATCGTCGACATGGAAAG CCCTGGAGAGTCAGGC-3′ and 5′-TTTACCTGT CGACCTAGTACCCCACTGAGCTCTCCCTCC-3′ and inserted into pEGFP-C1, pPS, p4NLS, and pmCherry-C1 at the SalI site. pEGFP-CCmut3 was created through site directed mutagenesis of CCmut2 (31) using the primers 5′-CCGCATTCGGCGCCTGGAGCAGCGGGTGAAC-3′ a n d 5 ′ -G T T C A C C C G C T G C T C C A G G C G C C GAATGCGG-3′. CCmut3 was then amplified through PCR and inserted into pEGFP-C1, pPS, p4NLS, and pmCherry-C1 at the XhoI sites. The gene encoding Bcr-Abl was digested from pEGFP-Bcr-Abl (8) with EcoRI and inserted into the EcoRI site of pmCherry-C1 (Clontech).
X-gal Assay
The X-gal assay was carried out as described previously in the IAC 3 protocol (20) . Briefly, yeast cells streaked onto an agarose plate were transferred to a nylon membrane and frozen in liquid nitrogen. After thawing, the membrane was placed on top of a filter paper soaked in a 0.334 mg/mL X- gal (5-bromo-4-chloro-indolyl-galactopyranoside) solution and incubated at 30°C for three hours. The appearance of a blue color was then documented.
Mammalian Two-Hybrid Assay
Twenty-four hrs after seeding 5×10 4 1471.1 cells into a white 96-well plate (Cellstar, Greiner Bio-One, Monroe, NC, USA), the media was replaced with DMEM with 10% FBS and without antibiotics, and pM1-ABD or pM1-DHPH was cotransfected with pEFVP16-iDab, pG5-Fluc (Promega), and pRL-CMV (Promega) in a 10:10:10:1 ratio using Lipofectamine 2000. Twenty-four hrs after transfection the firefly and renilla luminescence were measured on PlateLumino (Stratec Biomedical Systems) luminometer using the Dual-Glo Luciferase Assay (Promega) reagents following the manufacturer's recommendations. The mean from duplicate samples were taken from 3 separate experiments. pAD-SV40 and pBD-p53 (Stratagene) plasmids were used for the positive control, and pM1 was used as the negative control. The luminescence fold-induction was calculated by dividing the Firefly: Renilla luminescence ratio by the same ratio for the negative control.
Confocal Microscopy and Colocalization
Twenty-four hrs after transfection into Cos-7 cells seeded in 4-well live cell chambers (Nalge NUNC International, Naperville, IL, USA), fluorescence images were captured with a FV1000-XY (Olympus) confocal microscope using a 60X PlanApo oil immersion objective (NA 1.45) and Olympus FluoView software. mCherry was excited at 543 nm (HeNe laser), and a 555-655 nm emission filter was used to select the emitted light. EGFP was excited at 488 nm (Argon laser), and a 500-530 nm emission filter was used to select the emitted light. Images were collected in sequential line mode. The exposure settings and gain of laser were kept constant below the detected pixel saturation, and no bleed-through was observed between channels. Pixel resolution was kept at 1024× 1024 with maximum of 2.5X digital zoom. For each field of view, 6 images were taken in the z-plane. Image analysis was performed using ImageJ software (freeware, NIH) after converting the images to 8-bit format. The background fluorescence was quantified for each image by selecting a region of interest (ROI) that did not contain cells. This background fluorescence was subtracted from each of the images through use of a plugin set to subtract the mean background fluorescence plus three times the standard deviation in the background. Using ROI manager, the parallel images were duplicated and then analyzed for colocalization with the JACoP plugin (http://rsb.info.nih.gov/ij) (38) . The quantitative colocalization coefficient was generated with Costes' automatic threshold (39) . All experiments were repeated at least three times. The images shown are representative images that are false colored cyan (binding domain) or magenta (BcrAbl) for visualization.
Fluorescence Microscopy and Nuclear Translocation
The day before transfection 2-3×10 5 Cos-7 cells were seeded in each well of a 2-well live cell chamber (Lab-tek II chamber slide system, Nalge NUNC, Rochester, NY, USA). Twentyfour hours following cotransfection of pmCherry-Bcr-Abl and either pPS, pPS-CCmut3, pPS-ABI7or pPS-RIN1 (all fused to EGFP) in duplicate, the media was replaced with phenol red free RPMI, and 10 μL EtOH (control) was added to one replicate and 10 μL of 20 μM dex was added to the other. After 2-4 hr incubation at 37°C, 0.5 μL of 10 mg/mL H33342 (nuclear stain) was added, and the cells were incubated at 37°C for 15 min. Cells were then analyzed with an inverted fluorescence microscope (Olympus IX701F, Scientific Instrument Co., Sunnyvale, CA) with high−quality narrow band GFP filter (excitation HQ480/20 nm, emission HQ510/20 nm, beam splitter Q4951p, Chroma Technology Corp., Brattleboro, VT), high-quality TRITC filter (excitation HQ545/30 nm, emission HQ620/60 nm, beam splitter Q570lp, Chroma Technology Corp.). Cells were photographed with an F-view Monochrome CCD camera using a 60x objective. During the microscopy the cells were maintained at 37°C with an air stream incubator (Nevtek ASI 400, Burnsville, VA) with temperature control. Twenty-four hrs after cotransfection of pmCherry-Bcr-Abl and either p4NLS, p4NLS-ABI7, p4NLS-CCmut3, or p4NLS-RIN1 (all fused to EGFP) the cells were imaged using the same microscopy settings and conditions. Following the quantification of the amount of Bcr-Abl in the nucleus as previously described (37, (40) (41) (42) , the amount of Bcr-Abl that translocated to the nucleus was calculated using the following equation:
% Nuclear BcrAbl ¼ ð% Nuc BcrAbl w=4NLSÞÀð% Nuc BcrAbl aloneÞ ð% Nuc 4NLSÞ À ð% Nuc BcrAbl aloneÞ Â100
Statistical Analysis
For the colocalization coefficients and quantification of nuclear Bcr-Abl, statistical significance was determined by oneway analysis of variance (ANOVA) with Tukey's post-test. Each experiment was repeated at least three times (n≥3) and the mean±S.E.M. was reported for the colocalization coefficients or mean±S.D. was graphed for the percentage of nuclear Bcr-Abl.
RESULTS
Third-Generation Intracellular Antibody Capture (IAC
)
Two libraries, one consisting of nine and the other consisting of 14 amino acids randomized in CDR3, were screened with both the ABD and DHPH baits (Fig. 2) . For the ABD, 29 colonies were confirmed to be true interactions through the X-gal assay. As the lacZ gene is an alternative genetic reporter controlled by the GAL4/UAS, the X-gal assay provides a second means for determining true interactions and eliminating false positives. Of these 29, 20 colonies were used for creation of the sublibrary. For the DHPH, a much larger number of colonies (159) were validated to exhibit interactions via the X-gal assay. However, the pool was limited to 25 for creation of the sublibrary. For the DHPH bait, two sublibraries were created, one from the preys extracted from the VP16*-(VH9rdm) screen, and one from the preys extracted from the VP16*-(VH14rdm) screen. The sizes of the sublibraries were estimated to be approximately 7×10 6 . The second round of screening produced more than 800 colonies for both the ABD and DHPH targets. 50 of the largest colonies were chosen for validation in the X-gal assay.
From the 50 assayed for each of the baits, 12 were selected. The sequences of these 24 are tabulated in Tables I and II . The amino acid (or type of amino acids) in at least 6 of the constructs was termed the consensus amino acid at that position and are underlined and summarized in the bottom row of each table ("Consensus"). The sequence of CDR1 was not randomized for screening and is the same for all constructs: GFTFSTFS. The amino acids at positions 1, 2, and 8 of CDR2 were not randomized and are #1-I,#2-S,#8-I. The amino acids at positions 1, 2, 12, 13, and 14 of CDR3 were not randomized and are #1-R, #2-G, #12-F, #13-D, and #14-Y. Although no strong consensus is observed, none is truly expected given that each individual iDab may bind at different regions of the target domain.
Screening via Mammalian Two-Hybrid Assay
The sequences of these 24 iDabs were then subcloned into pEFVP16 to generate fusion constructs with the VP16 activation domain in a mammalian expression plasmid for further validation in a mammalian two-hybrid assay. As this assay provides a luminescent readout, the binding affinities can be compared relative to each other for determination of the highest affinity binder. As seen in Fig. 3 , the ABD screens produced better binders overall, with clone A7 exhibiting the greatest binding. Although none of the DHPH binders demonstrated highly efficient binding, the top candidate, D5, was further analyzed through colocalization as any ability to compete with Bcr-Abl binding to phospholipids may prove beneficial, and the lack of knowledge regarding the relationship between the mammalian two-hybrid result and the ability to translocate Bcr-Abl justifies further exploration. Fig. 2 Overview of IAC 3 screens against ABD and DHPH baits. Two libraries were screened in the first round. 20 and 15 constructs were isolated using the ABD and DHPH as baits, respectively, from a library that contained nine amino acids randomized in CDR3. Zero and 10 constructs were isolated using the ABD and DHPH as baits, respectively, from a library that contained 14 amino acids randomized in CD3. After generation of sublibraries by randomizing the bases encoding CDR2, the top 12 binders were isolated for each bait. Mammalian two-hybrid assays then identified the top three ABD binders and the top DHPH binder. 
Colocalization (Binding) of Bcr-Abl with ABI7, DBI5, CC mut3 and RIN1
The IAC 3 screening and mammalian two-hybrid assays were performed using the isolated ABD or DHPH domains. To confirm these interactions carried over to the full-length Bcr-Abl protein, and to compare their ability to bind Bcr-Abl with CCmut3 and RIN1, colocalization studies were performed with each binding domain and mCherry-Bcr-Abl in Cos-7 cells. A rigorous method for analysis of colocalization, the use of Costes' automatic threshold to determine Pearson's correlation coefficient of colocalization (39), was utilized. In this method, fluorescence signals originating from the same location (indicating the interaction between the proteins fused to them) will result in a value greater than 0.5. Non-interacting proteins will generate values close to zero or negative. As seen in Fig. 4 , ABI7, CCmut3, and RIN1 all demonstrated colocalization with BcrAbl and confirmed the interactions of these binding motifs with the full protein under biological conditions inside of cells. In agreement with the mammalian two-hybrid result, DBI5 did not result in efficient colocalization (below 0.5 colocalization coefficient with Costes' automatic threshold) with Bcr-Abl. As no iDab was isolated that efficiently interacted with the DHPH region of Bcr-Abl, as determined by the mammalian two-hybrid and colocalization with Bcr-Abl, and due to the other three binding domains functioning superiorly, the DBIs were not analyzed further.
The ABD was selected as a target for the potential advantage of competing with actin binding that may preclude nuclear translocation. Interestingly, upon cotransfection of ABI7 with Bcr-Abl, a marked redistribution of the subcellular localization pattern was observed. Alone, Bcr-Abl forms a distinct localization pattern similar to the pattern resulting from actin staining, indicating its interaction with actin (Fig. 5a ). However, when ABI7 is coexpressed along with Bcr-Abl this localization pattern shifts to one of punctate dots throughout the cytoplasm (Fig. 5b) . This observation may be explained by ABI7 preventing Bcr-Abl from binding actin in the same fashion as normally occurs, and may provide evidence for the hypothesized benefit of rendering Bcr-Abl more available for nuclear translocation. Recently it has been demonstrated that the ABD plays a joint role, along with the tyrosine kinase domain, in regulating the NLSs found in Bcr-Abl (22) . A further potential implication of targeting the ABD may be a shift to the NLS-active conformation resulting in nuclear accumulation. Although ABI7 did cause an altered localization pattern of Bcr-Abl in the cytoplasm, no substantial increase in nuclear localization was observed. Interestingly, when CCmut3 was co-expressed with Bcr-Abl a dramatic change in the localization pattern occurred, and Bcr-Abl was found to be diffuse throughout the entire cytoplasm and no longer localized to any particular region (Fig. 5c ). This prominent shift may be reflective of the change from tetrameric Bcr-Abl to monomeric Bcr-Abl, and the correlated Bcr-Abl conformations.
Testing Binding Motifs Fused to Protein Switch
In attempting to use the binding motifs for translocation of Bcr-Abl into the nucleus, they were each subcloned into plasmids as fusions with the localization controllable protein switch (37) . One potential advantage of using the protein switch for translocating a protein is the initial localization in the same subcellular compartment as the target protein. This allows equilibration time for the interaction between the target protein and the protein switch before any attempt of translocation. After cotransfecting (in duplicate) mCherry-Bcr-Abl with a protein switch construct, ethanol (carrier) or dex was added and fluorescence microscopy used to image the cells 2-4 hrs post ligand induction. The percentage of Bcr-Abl inside the nucleus was determined in the presence of ethanol or dex and used to determine a percent nuclear increase (PNI) upon ligand induction. Attempts to move Bcr-Abl with one binding domain (protein switch fused to either CCmut3, ABI7, or RIN1) did not produce any nuclear Bcr-Abl (data not shown). However, when two Fig. 4 Colocalization between Bcr-Abl and the binding domains. Binding domains are in the left columns ( false colored cyan), and Bcr-Abl is in the middle column (false colored magenta). Colormaps are illustrated in the right column with the key at the top of the column (highest colocalization 0 red). The colocalization coefficients are indicated to the right of the colormaps. The colocalization coefficient for the negative control (EGFP) was found to be -0.11± 0.046. The mean colocalization coefficients were determined after analyzing at least three cells, and the experiment was repeated three times. The values reported are the means±S.E.M. Statistical significance was determined by one-way ANOVA with Tukey's post test. ***p<0.001. binding domains were used (two separate protein switch constructs with different binding domains cotransfected) it was possible to find cells with Bcr-Abl inside the nucleus. Some examples are illustrated in Fig. 6 . Nevertheless, the majority of the cells did not have noticeable Bcr-Abl inside the nucleus. While identifying cells with nuclear Bcr-Abl may demonstrate that Bcr-Abl can be moved with this system, the fact that this occurred on a limited basis indicates the inefficiency of the system as applied to Bcr-Abl. As both protein-switch constructs are fused to EGFP it is impossible to distinguish cells transfected with only one of the protein switches from those transfected with both protein switch constructs, a fact that may explain why Bcr-Abl could be found in the nucleus of some limited cells. A further note is the level of protein switch that translocated into the nucleus. After incorporation of the binding domain into the protein switch there was a decrease in the nuclear translocation, which may be reflective of the interaction with Bcr-Abl as well as some interference with the protein switch by the binding domain fusion.
Testing Binding Motifs Fused to 4NLS
To increase the force driving nuclear localization and simplify the approach to move Bcr-Abl, the binding motifs were subcloned into a plasmid containing 4 strong NLSs (from SV40 large T antigen). These constructs, in contrast to protein switch constructs that were only marginally nuclear even in the presence of dex, were exclusively localized to the nucleus (Fig. 7a-d, green fluorescence) . Nevertheless, 4NLS-ABI7 and 4NLS-RIN1 were unable to cause a nuclear accumulation of Bcr-Abl (Fig. 7b and c) . CCmut3, on the other hand, caused the majority of Bcr-Abl to translocate to the nucleus (Figs. 7d,  and 8 ). The percentage of Bcr-Abl inside the nucleus upon cotransfection with the 4NLS constructs was quantified and is indicated in Fig. 8e . While one possible explanation for the inability of 4NLS-ABI7 and 4NLS-RIN1 to translocate BcrAbl is that their interaction with Bcr-Abl is not strong enough, all of the binding domains generated statistically indistinguishable colocalization coefficients. That only one of these binding domains exhibited the ability to translocate Bcr-Abl supports the concept that the region of Bcr-Abl where the binding domain interacts is also a critical factor.
In spite of the fact that minimal Bcr-Abl translocated with 4NLS-ABI7, the combination of 4NLS-ABI7 and 4NLS-CCmut3 did result in enhanced nuclear accumulation of Bcr-Abl and only minimal levels were detected outside of the cytoplasm (Fig. 8c, d , and e). This validates the concept that binding Bcr-Abl through multiple regions is advantageous for nuclear translocation.
DISCUSSION
Both the aberrant tyrosine kinase activity and the cytoplasmic localization are important outcomes of the fusion between the Bcr and Abl proteins. Current CML treatments target the tyrosine kinase activity, and an interesting alternative that has not been highly explored is repositioning Bcr-Abl into the nucleus where it is known to be an activator of apoptosis. In this report we have demonstrated the ability to escort Bcr-Abl to the nucleus through Bcr-Abl binding domains.
In order to complement the regions of Bcr-Abl already targeted by CCmut3 and RIN1, we screened for iDabs that would bind at the ABD and DHPH. While the protocol outlined for IAC 3 describes the screening of 17 libraries in the first round, followed by screening sublibraries in subsequent second and third rounds of screening, we were able to identify an iDab with efficient binding to Bcr-Abl through screening of only two libraries in the first round and one sublibrary. This demonstrates the versatility and usefulness of the IAC 3 technology. As speculated, this iDab (ABI7) caused a redistribution of Bcr-Abl from its regular localization pattern indicating the ability to interfere with actin interactions. However, ABI7 was unable to efficiently translocate Bcr-Abl to the nucleus without CCmut3. Further affinity maturation of ABI7 could be performed through creation of a randomized CDR1 sublibrary and additional screening. Nevertheless, the combination of 4NLS-ABI7 and 4NLS-CCmut3 produced remarkable accumulation of Bcr-Abl in the nucleus. Attempts to move Bcr-Abl to the nucleus with the protein switch were unsuccessful with one binding domain, but through two protein switch constructs, each fused to different binding domains it was possible to identify some cells wherein Bcr-Abl had been transported into the nucleus. The numerous interactions and large size of Bcr-Abl make it a challenging protein to redirect to alternative subcellular localizations, and other proteins may be more readily translocated. However, the incorporation of the binding domains into the protein switch decreased the nuclear translocation, a factor contributing to the inefficient translocation of BcrAbl. This finding highlights the potential need to optimize the protein switch with the binding domain fused to it. The strength of the NES and NLS used in the protein switch could be re-optimized as well as the linker fusing the protein switch to the binding domain and terminus where the binding domain is fused to the protein switch.
In stark contrast to the protein switch constructs, 4NLS-CCmut3 and 4NLS-ABI7+4NLS-CCmut3 produced an impressive re-localization of Bcr-Abl to the nucleus. We have long speculated on the advantage and need for some mean-residency time in the location of the target protein to allow the interaction to occur. This mean-residency time is afforded by the controlled translocation in the protein switch. However, that a 4NLS construct (4NLS-CCmut3) was the only construct tested to demonstrate efficient nuclear accumulation of Bcr-Abl strongly supports the claim that meanresidency time is not needed. CML cells where Bcr-Abl is present, and not entirely being co-translated with 4NLS-CCmut3, may exhibit a different dynamic wherein the mean-residency time is more important. Dismissal of the usefulness of the protein switch based on these experiments is not entirely justified, and further exploration into the ability to translocate endogenous Bcr-Abl in CML cells will be needed.
In these experiments four binding domains that bind BcrAbl at distinct regions were explored. Interestingly, only one of three binding domains that demonstrated efficient colocalization with Bcr-Abl resulted in efficient nuclear translocation of Bcr-Abl. This suggests the binding affinity is not the only consideration, and may not be the most important consideration, in determining the ability to translocate Bcr-Abl. Speculatively, the resulting Bcr-Abl conformation upon being bound by the binding domain may contribute to the ability of one domain to translocate Bcr-Abl and not another. RIN1 interacts with the SH3/2 domains of Bcr-Abl, and is known to bind in such a way that Bcr-Abl is maintained in an active conformation (34, 36, 43, 44) . This active conformation is correlated with protein interactions thought to cause cytoplasmic retention and inhibition of the Bcr-Abl NLSs (22) . However, CCmut3 binds the coiled-coil domain and interferes with the oligomeric state of Bcr-Abl (31) (32) (33) 45) . The homooligomerization of Bcr-Abl is directly correlated with Bcr-Abl activity, and the formation of hetero-oligomers with CCmut3 decreases its activity (manuscript in press, Molecular Pharmaceutics). This inactive conformation may relieve the cytoplasmic retention as well as activate the Bcr-Abl NLSs. Thus, it is easy to speculate on why CCmut3 was able to translocate BcrAbl and RIN1 was not, in spite of the high affinity of RIN1 for Bcr-Abl. As demonstrated with these binding domains, not only binding, but binding Bcr-Abl in a particular fashion and/or conformation, is critical to the ability to translocate Bcr-Abl.
Capture and escort of Bcr-Abl to the nucleus is an interesting concept for turning the disease causing agent against the diseased cells. Here we demonstrate Bcr-Abl can be redirected to the nucleus by NLSs attached to a Bcr-Abl binding domain. Further, this work validates CCmut3 as an efficient binding partner of Bcr-Abl which can be used for controlling the subcellular localization of Bcr-Abl. Capture and escort of Bcr-Abl would accomplish two goals: nuclear accumulation of endogenous Bcr-Abl, as well as its cytoplasmic depletion. This ability of CCmut3 to translocate Bcr-Abl has great potential for potent induction of apoptosis in CML cells, and may extend to the ability to induce apoptosis in resistant CML cells and also CML stem cells. This is the subject of future work in our laboratory.
